The distribution of the prevalence of multiple sclerosis is nonrandom, as the disease is more prevalent in temperate than in tropical regions. This apparent increase in prevalence with an increase in latitude was once termed "the latitudinal gradient" and led to hypotheses that the disease is due to the delayed effects of infection in genetically susceptible persons (1) . However, variations in the world distribution of multiple sclerosis must be treated with caution because the disease has been surveyed in different places at different times using different diagnostic criteria; therefore, some observed gradients may be spurious.
Kurtzke tried to address this problem by grading surveys according to the methodology used (2) . In the absence of an independent measure of accuracy, however, it is still difficult to compare the best casefinding studies.
For example, in the United Kingdom, a cursory examination of reported prevalence figures suggests a clear difference in prevalence between the northern part of the United Kingdom (Scotland and Northern Ireland) and the southern part of the United Kingdom (England and Wales) (table 1). However, some authors have argued that the north-south divide in prevalence can be explained by methodological differences (3) (4) (5) (6) (7) .
First, diagnostic criteria have been refined over the years, and all published surveys from Scotland use the older, broader criteria of Allison and Millar (8) ; more recent studies from England and Wales have used the narrower criteria of Poser et al. (9) . The difference is important, because the first criteria include patients with "early" multiple sclerosis who do not meet the newer criteria for definite or probable disease that were formulated by Poser et al. A second problem is that the high prevalence figures for northeast Scotland and the Northern Isles (Orkney and Shetland) are based on serial rather than first surveys. In fact, the figures from the first surveys of these northern areas show little or no difference from the figures from the first surveys in the southern part of the United Kingdom (table 1) . Furthermore, the high estimates from Orkney and Shetland are based on surveys that included as few as 40 cases in a population of about 20,000, so associated sampling error was high.
To address more formally the issue of ascertainment bias, we estimated the prevalence of multiple sclerosis in a previously unsurveyed area of Scotland by using capture-recapture methodology (10) . An important assumption of this method is that the sources from which people are identified are independent; that is, the probability of being observed from one source is not influenced by being observed from another source. Health care information systems nearly always violate this assumption (11) , and any estimate of missing cases is biased downward. In a two-source model, this bias cannot be quantified, so the estimate of the number of missing cases usually represents a minimum. If the data allow a three-source model, then the effect of dependency can be modeled (10) .
In this study, we used a two-source capture-recapture model to determine the likely numbers of cases of multiple sclerosis that were missed in prevalence surveys of the United Kingdom. Numerators from these surveys were adjusted for underascertainment, and prevalence estimates were altered accordingly. A survey from Tayside, Scotland, estimated the prevalence of multiple sclerosis on September 1, 1996 . By using data from that survey, we explored the effect of source dependency by using a three-source capture-recapture model. If improved ascertainment is the reason for a north-south difference in prevalence, then hypotheses based on a latitudinal gradient require revision.
MATERIALS AND METHODS

Identification of suitable prevalence surveys
Surveys reporting the prevalence of multiple sclerosis in the United Kingdom were identified from a MEDLINE search (until December 1997) and handsearching of studies published until June 1998. We selected studies that reported sources of cases in the form of intersecting lists, as this information is a prerequisite for adjusting for underascertainment when a two-source capture-recapture model is used.
In the Tayside survey of the prevalence of multiple sclerosis, four sources were used to identify cases. The first two were Dundee (Scotland) Royal Infirmary Neurology Department records from 1977 to 1996 and visual evoked response requests from 1986 to 1996 (these responses are nearly always requested when multiple sclerosis is suspected and thus would be a reasonable source of potential cases). We confirmed that the neurology department records and the visual evoked responses were dependent on each other, so these two sources were merged (source 1). Scottish morbidity recording of hospital admissions coded as due to multiple sclerosis (SMR1 data from the Information and Statistics Division of the Scottish Office Home and Health Department) became source 2, and responses of general medical practitioners in Tayside to a request for the identities of people with multiple sclerosis registered at their practices was source 3. The structure of the data used in the three-source capture-recapture model is summarized in appendix 1.
The case records of each potential case were scrutinized to determine whether they met the diagnostic criteria of Poser et al. (9) . All capture-recapture analyses using Tayside data were limited to those fulfilling these criteria.
For each survey of the prevalence of multiple sclerosis in the United Kingdom, we calculated maximum likelihood estimates of the number of unobserved cases by using a two-source capture-recapture model (refer to appendix 2 for the formulas and notation). As only general practice records and neurology department records were common to all surveys, comparisons were restricted to these sources. Additional two-source estimates of unobserved cases could have been generated for the published studies (e.g., by using hospital discharge data or Multiple Sclerosis Society returns); however, because there was no means of direct comparison, these estimates were omitted. The maximum likelihood estimate of unobserved cases was added to the quoted numerator to produce an adjusted numerator. The adjusted prevalence (per 100,000 persons) was calculated as the adjusted numerator divided by the population at risk when each survey was conducted.
Ninety-five percent confidence intervals were calculated by using the method suggested by Hilden (12) ; that is, the variance from the number of observed cases (from a Poisson distribution) should be added to the variance of the unobserved cases to produce an overall standard error. Regal and Hook have advocated using a goodness-of-fit method to calculate confidence intervals (13) . We used and compared both methods, as the lower limits of variance-based confidence intervals versus goodness-of-fit confidence intervals are more likely to be below the number of observed cases (13) .
Three-source capture-recapture model
If dependency between sources had produced severe downward bias in the two-source estimates of missed cases of multiple sclerosis in the Tayside survey, then we would have concluded that a two-source capturerecapture model was unable to determine whether underascertainment produces an artifactual latitudinal gradient of prevalence in the United Kingdom. If there was little difference in the two-source and three-source estimates of missed cases, then we would have been confident that the issue of underascertainment had been addressed adequately.
In a three-source model, there are eight possible dependencies between pairs of sources and therefore eight possible maximum likelihood estimates (10) . We used GLIM software (release 4.0; Royal Statistical Society, London, England) to derive these estimates from log-linear models that incorporated interaction terms to allow for source dependencies. The bestfitting model is one chosen on the basis of a goodnessof-fit (G 2 ) statistic (10). Frischer et al. chose the simplest model with adequate fit (14) . Sources 2 and 3 would seem to be dependent, because when we used a two-source model restricted to those two sources, the estimated population was 651 as opposed to the observed population of 727. Thus, the two models expected to best fit the data were the one allowing for all two-way interactions and the one allowing for an interaction between sources 2 and 3 only. If we had used the approach of Frischer et al., then we would have chosen the latter (i.e., simpler) model if the goodness-of-fit statistics were comparable.
RESULTS
Including our data from Tayside, there were 10 surveys suitable for capture-recapture analysis (3, 4, (15) (16) (17) (18) (19) (20) (21) (table 1) . Maximum likelihood estimates of unobserved cases and the adjusted prevalence from each survey were tabulated (table 2) . It would appear that on the whole, the surveys are very complete, with evidence that the majority had more than 90 percent coverage. With the exception of the Suffolk survey (17) , the highest prevalence rate in England was 151 cases per 100,000 persons (95 percent confidence interval 136-167 (variance based), 95 percent confidence interval 128-197 (goodness-of-fit based)), which was found in North Cambridgeshire (19) . It is notable that none of the adjusted prevalences exceeded the unadjusted prevalence in Tayside Tayside (table 2) . This finding is highly significant, as it is not consistent with the hypothesis that ascertainment differences produce a spurious latitudinal gradient of the prevalence of multiple sclerosis.
Three-source maximum likelihood estimates enable dependence between sources to be assessed. The bestfitting model (table 3) allowed for all two-way interactions (maximum likelihood estimate, 130; adjusted prevalence, 217 cases per 100,000 persons; G 2 = 0), and the model that permitted an interaction between sources 2 and 3 produced a maximum likelihood estimate of 51 cases (adjusted prevalence, 197 cases per 100,000 persons; G 2 = 9.818). The latter maximum likelihood estimate is indistinguishable from the twosource capture-recapture estimates for Tayside shown  in table 2 .
The maximum likelihood estimate of unobserved cases was 130 based on the best-fitting three-source model, which raises the possibility that two-source estimates are subject to downward bias (two-source maximum likelihood estimate from Tayside neurology department records, 52). However, as the degree of coverage that results from using the two-source models is similar in northern and southern surveys (table 2), the effect of adjusting for dependencies would eliminate a north-south difference only if southern surveys were much more incomplete than the Tayside survey. The lowest prevalence of multiple sclerosis in Scotland (Tayside) is about 183 cases per 100,000 persons (Poser et al. (9) cases, table 1), and the highest prevalence in the southern part of the United Kingdom is between 150 and 160 cases per 100,000 persons. The confidence intervals seemed plausible, in that they were not too narrow. The variance-based intervals were below the observed prevalence at least once in all studies except for the North Cambridgeshire survey, which was the least complete.
DISCUSSION
To our knowledge, ours is the first attempt to formally test the hypothesis that the latitudinal gradient of the prevalence of multiple sclerosis in the United Kingdom is an artifact of differences in ascertainment. Capture-recapture methods have been used previously to determine the completeness of surveys of disease prevalence. For example, a two-source capture-recapture analysis applied to a Huntington's disease prevalence study found that the reported figures could have underestimated prevalence by as much as 25 percent (22); Hook and Regal subsequently recommended that future surveys of disease prevalence or incidence should always include a capture-recapture analysis or the data from which such analyses could be performed.
However, there are problems associated with using capture-recapture methodology in health service or epidemiologic research. The most important is undoubtedly the effect of dependence between sources, because it produces downward bias in any maximum likelihood estimate (10, 11) . In our study it could be argued that dependence did not influence our conclusions, given that completeness, as determined by using a two-source model, was similar in the northern and southern parts of the United Kingdom. Thus, when dependence is modeled, it merely shifts all prevalence estimates further upward without necessarily causing the estimates to converge. However, if we had used the approach of Frischer et al. (14) and had chosen the simplest three-source model with reasonable fit (i.e., model 4, table 3), we could have determined that using a three-source model would not alter the conclusion derived from using the two-source models alone, as the numbers of unobserved cases in both instances were indistinguishable. Therefore, source dependence appears not to have invalidated our two-source approach.
Another problem is the difficulty in calculating confidence intervals. Indeed, violations of model assumptions (such as source dependencies) led Hook and Regal (10) to suggest that the confidence intervals for maximum likelihood estimates may be misleading. They have proposed that authors present a plausible range within which they think the true value lies. On the basis of our observations, the plausible range of prevalence in the southern part of the United Kingdom does not exceed the range for Scotland and Northern Ireland. Hilden (12) contended that any capture-recapture adjusted estimate should include confidence intervals, as there is random error in both the number of observed cases and the estimate of unobserved cases. Although Hilden's approach (summing the variance of the maximum likelihood estimate and the variance of the observed number to give a total variance) may be regarded as naive, it at least addresses the issue of random variation in the adjusted prevalence figures. Even when we tried to consider random variation in confidence intervals, we still were left with an unexplained difference between prevalence estimates (table 2).
As described previously (13) , the lower limits of the variance-based confidence intervals were below the unadjusted prevalence, presumably because of the small numbers of unobserved cases in certain studies and the additional allowance made for error in the numbers of observed cases. The goodness-of-fit-based confidence intervals seemed to perform more reliably, in that they were below the unadjusted prevalence less often and were skewed toward the upper limit. Regal and Hook found that variance-based confidence intervals performed as well as goodness-of-fit confidence intervals when the sample size was large and the probability of ascertainment was high (13) . Therefore, it seems likely that differences in ascertainment do not explain the difference in the prevalence of multiple sclerosis between the northern (Scotland/Northern Ireland) and southern (England/Wales) parts of the United Kingdom.
Some have argued that capture-recapture methods are of real value in only a limited range of circumstances, for example, when either data are difficult to obtain (a "difficult-to-catch" population) or all that is required is a rough estimate of the numbers in a certain population (23) . A study of cancer registration completeness concluded that capture-recapture analysis could identify possible underascertainment from a given source only after the registration process was complete (24) and therefore there was no opportunity to intervene to improve ascertainment. Despite these difficulties, the capture-recapture method has offered an opportunity to explore the problems of underascertainment in surveys of multiple sclerosis.
Other causes of bias in prevalence surveys should be considered before the conclusion is drawn that the north-south difference is real. Use of magnetic resonance imaging may increase the prevalence of multiple sclerosis in more recent surveys because it probably enables earlier diagnosis, and it may encourage falsepositive diagnoses. Variations in the numbers of early or suspected cases included in total prevalence estimates also may be misleading, as those researchers who apply criteria more loosely than others will find higher overall prevalence estimates. If we had tried to compare cases that could be diagnosed on clinical grounds only (i.e., Poser et al. (9) 217 cases per 100,000 persons (tables 1-3). This study was initiated because of anecdotal reports of a locally high prevalence, and the study population is small so that sampling error is high. Nonetheless, the Suffolk survey suggests that there may be pockets of high prevalence in the southern part of the United Kingdom.
Our capture-recapture analysis casts light on hitherto unexplained observations. While most subsequent surveys of multiple sclerosis in an area produce an increase in prevalence, the repeat survey from southeast Wales (table 1) did not (26) . From table 3 it is evident that the first survey (15) was likely to have missed only four cases at most. As the first survey had such high coverage, the subsequent survey was unlikely to increase the prevalence.
A repeat survey in South Cambridgeshire (7) found 58 cases that were missed during the first survey (4). This figure compares with the 31 or 43 cases estimated, from using the two-source model, to have been missed during the initial survey (table 3). The fact that the actual number of cases missed is larger than predicted suggests source dependency (as expected). Nonetheless, it would appear to validate our approach, since the actual number detected (374/426) and the observed coverage (88 percent) on resurvey were of the same order as predicted in the capture-recapture estimation.
The two surveys from adjacent areas of Cambridgeshire produced different results, with prevalences of 130 cases per 100,000 persons in South Cambridgeshire and 118 cases per 100,000 persons in North Cambridgeshire (difference in prevalence, 11; 95 percent confidence interval -5 to 28). These differences converged when we adjusted our capture-recapture analysis for unobserved cases (table 2) .
Our study may have some interesting implications for those concerned with geographic or ethnic variations in the prevalence of multiple sclerosis. McDonnell et al. (20) and Roth well and Charlton (21) have argued that multiple sclerosis is more common in Northern Ireland and Scotland than in the southern part of the United Kingdom (29) because of genetic factors. While there does seem to be an excess of Poser et al. (9) clinically definite multiple sclerosis in Northern Ireland compared with Tayside (table 4) , the overall adjusted prevalences (table 2) are similar (213 and 203 cases per 100,000 persons vs. 233 and 229 cases per 100,000 persons) and considerably higher than any of the southern United Kingdom estimates. McDonnell et al. have suggested that there is a "step" in prevalence between England/Wales and Northern Ireland (20) . The populations of Northern Ireland and Scotland are linked historically (and therefore genetically), which may be evidence of a genetic predisposition that places the Scots and Northern Irish at increased risk compared with the Welsh and English (27) . Interestingly, Sutherland commented in 1956 that differences in the observed prevalence between Orkney and Shetland and the Outer Hebrides may reflect "a constitutional vulnerability" in those of Nordic as opposed to Celtic extraction (28) .
There are still those who think that the purported latitudinal gradient in the United Kingdom could be explained by methodological differences and does not represent true differences in disease prevalence (7) . Although other sources of bias have not been addressed in this paper, we conclude that differences in ascertainment cannot explain the difference in the prevalence of multiple sclerosis between the northern and southern parts of the United Kingdom. Rather than consider a latitudinal gradient for multiple sclerosis in the United Kingdom, and by implication a transmissible environmental causative agent, it seems more accurate to consider that geographically contained populations may share a higher than average risk. It is known that HLA-DR2 alleles that predispose to multiple sclerosis are more common in the general population in Scotland than in the southern part of the United Kingdom (29) , but the precise nature of susceptibility genes and the role of exogenous agents remain unclear.
